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DNA methylation patterns are dynamic in cleav-
age-stage embryos of a number of mammalian
species. A failure to properly recapitulate preim-
plantation DNA methylation patterns in embryos
derived by nuclear transfer may contribute to the
low efficiency of nuclear transfer in producing live
offspring.
Despite the high interest in the feasibility of cloning
animals from adult cells, cloning remains an extremely
inefficient process [1]. Recent studies have found evi-
dence that somatic donor genomes can be incom-
pletely reprogrammed by oocyte cytoplasm after
nuclear transfer, providing a potential explanation for
the low success rate seen in nuclear cloning. Of the
potential kinds of epigenetic modifications likely to be
involved in reprogramming, DNA methylation is by far
the best studied. Patterns of DNA methylation in
preimplantation murine embryos are known to be
dynamic [2], and are decidedly different from those
seen in somatic nuclei. Three groups have now inves-
tigated DNA methylation patterns in preimplantation
cloned bovine embryos, all identifying aberrant DNA
methylation patterns compared to those produced by
in vitro fertilisation (IVF). These studies provide a
potential clue to the molecular reasons behind the low
efficiency of cloning in mammalian systems.
Reprogramming During Normal Development
Shortly after fertilisation, and before the first cell
division, the murine paternal genome is abruptly and
rapidly demethylated in what is believed to be an
active process [3,4], the molecular nature of which is
not clear. Despite being present in the same egg
cytoplasm as the demethylating paternal genome, the
maternal genome is resistant to this process and
remains methylated. Methylation of the maternal
genome is gradually and passively lost during subse-
quent cell divisions by the failure to maintain methyla-
tion patterns after DNA replication [5,6]. Thus both
parental genomes are largely demethylated by the
time the embryo reaches the blastocyst stage. This is
followed by de novo methylation around the time of
implantation.
The evolutionary conservation of DNA methylation
reprogramming in the early embryo of other species
was not investigated until recently. Studies in both fish
(Danio rario) and frogs (Xenopus leavis) failed to identify
any evidence for active demethylation immediately post-
fertilisation [7,8]. The absence of global demethylation
in these two species is intriguing, although it is possible
that other forms of epigenetic reprogramming, such as
chromatin remodelling, may be more important in
these animals. It is worth noting, however, that cloning
from frogs was achieved decades before cloning from
mammals [9], indicating that perhaps amphibian
somatic nuclei are easier to reprogram than are mam-
malian nuclei, or perhaps that amphibian oocytes are
better at reprogramming than are mammalian oocytes.
Dean et al. [10] have now shown that methylation
reprogramming is conserved to a large extent in three
other mammalian species: cow, rat and pig. Using
indirect immunoflourescence with an antibody against
5-methylcytosine (5-mC), they showed that active
demethylation of the paternal genome occurs shortly
after fertilisation in each of these species. Methylation
patterns were also analysed in later stages of bovine
preimplantation development where passive demethy-
lation of the maternal genome was observed, although
this did not extend through to the blastocyst stage as
in the mouse (Figure 1). The timing of de novo methy-
lation appears to differ in bovine embryos, occurring
at the 8–16 cell stage as opposed to after the blasto-
cyst stage in mice, indicating species-specific differ-
ences in these potential reprogramming events.
Methylation Reprogramming in Cloned Embryos
The successful production of animals by nuclear
transfer shows that at least some highly methylated
and differentiated somatic nuclei can be sufficiently
reprogrammed for embryonic development [1]. The
extent to which epigenetic reprogramming is conserved
in cloned embryo development is unknown, however,
and inefficient reprogramming of DNA methylation
patterns may be partly responsible for the low birth
rates and developmental abnormalities that often
result from nuclear transfer [11]. A focal point of inter-
est is how an enucleated oocyte recognises and
reprograms methylation patterns of somatic nuclei.
As well as investigating the conservation of methyla-
tion reprogramming events in early mammalian devel-
opment, Dean et al. [10] analysed demethylation events
in cloned bovine embryos. Interestingly, the initial
demethylation event appeared to be conserved in
cloned 1-cell embryos, with some loss of methylation in
the somatic donor nucleus occurring shortly after fusion
with the enucleated oocyte. Further demethylation
was observed at the 2-cell stage, but spurious de novo
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methylation was found in many 4–8 cell stage embryos
(Figure 1).
The observations of Dean et al. [10] show that methy-
lation reprogramming in somatic nuclei is partially con-
served in cloned embryos, with different extents of
inappropriate methylation in individual embryos. But
more detailed information on which sequences are
aberrantly methylated in cloned embryos is required to
understand the observed phenotypes and low success
rates of cloning. Using the 5-mC antibody on metaphase
chromosomes, Bourc’his et al. [12] were able to observe
the methylation status of euchromatic and heterochro-
matic sequences in IVF and cloned bovine preimplan-
tation embryos (Figure 2). Compared to their normal
counterparts, cloned bovine blastocysts showed
increased levels of methylation in centromeric hete-
rochromatin, but comparable levels in euchromatin. In
agreement with Dean et al. [10], this study found inef-
ficient passive demethylation during the initial embry-
onic cell divisions. In contrast, however, Bourc’his
et al. [12] could find no evidence for the ‘active’
demethylation of somatic nuclei after fusion.
Methylation analysis of specific DNA sequences has
also been performed using bisulfite treatment and
methyl-sensitive PCR in cloned bovine [13], porcine
[14] and ovine (H.R.F., R. Meehan and L.E.Y., unpub-
lished data) embryos. Analysis of satellite I DNA — a
major constituent of centromeric heterochromatin —
in normal and cloned bovine and ovine blastocysts
revealed increased methylation levels in significant
numbers of cloned embryos. Analysis of another repeat
sequence in cloned bovine embryos, the Bov-B LINE,
which is normally demethylated during bovine preim-
plantation development, again showed inefficient
reprogramming, with the methylation status remaining
unchanged between the 4–8 cell and blastocyst stages
(Figure 2). Surprisingly, cloned porcine embryos do
not appear to show highly aberrant patterns of methy-
lation, with cloned blastocysts retaining similar methy-
lation levels to their normal counterparts in centromeric
satellite and PRE-1 SINE sequences [14].
Overall, these studies present a picture of partial,
but incomplete methylation reprogramming in cloned
embryos. The details of the reprogramming failure
differ between the three studies. The reasons for this
are not entirely clear, but may lie in the methods used
by the different groups. The two cytological studies
differ in their source of donor nuclei: while Dean et al.
[10] used non serum-starved fetal fibroblasts, Bour-
c’his et al. [12] used nuclei from serum-starved
somatic fibroblasts. Might fetal fibroblast nuclei be
susceptible to the active demethylation signal, while
somatic fibroblast nuclei are not? Using nuclei from
fetal fibroblasts, Kang et al. [13] found no evidence for
active or passive demethylation after the 4–8 cell
stage, and no difference between serum-starved and
non-serum-starved fibroblast donor cells.
A further point to consider is in the source of the
oocytes and embryos used. For most of the studies
reviewed here, IVF embryos were used to represent
events in normal bovine development and as controls
for comparisons with cloned embryos. But it is not
known whether the in vitro oocyte maturation, fertili-
sation and embryo culture steps involved in IVF result
in DNA methylation patterns equivalent to those of
wholly in vivo-derived embryos. In vitro culture of
embryos can affect methylation of imprinted genes in
sheep [15], and satellite I sequences of pig embryos
have been found to be methylated inappropriately
Figure 1. Reprogramming of DNA methylation patterns in normal
and cloned bovine embryos, according to Dean et al. [10]. 
In normal bovine preimplantation development, active
demethylation of the paternal genome (blue) occurs before the
first cell division, while the maternal genome (red) is passively
demethylated during subsequent cell divisions. De novo methy-
lation occurs at the 8–16 cell stage. Methylation levels of the
fetal fibroblast nuclei (green) in cloned bovine embryos
decrease substantially after fusion, but demethylation ceases
at the 2-cell stage. Inappropriate de novo methylation occurs in
some clones at the 4–8 cell stage, while other clones may expe-
rience de novo methylation at the correct stage (8–16 cell) or
not at all (green dashed lines).
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Figure 2. Reprogramming of DNA methylation patterns in
normal and cloned bovine embryos, according to Bourc’his et
al. [12] and Kang et al. [13]. 
Methylation levels of heterochromatin (dark colours) and euchro-
matin (light colours) in normal bovine embryos decrease through-
out preimplantation development, leaving the blastocyst
undermethylated, though centromeric heterochromatin remains
partially methylated. Chromosomes from cloned embryos (green)
[12] show no active demethylation, but a passive loss of methy-
lation within both types of sequence occurs before the 8–16 cell
stage. Heterochromatic sequences in cloned blastocysts retain
higher levels of methylation than do normal embryos. In contrast,
Kang et al. [13] found both heterochromatic and euchromatic
sequences from cloned embryos to be highly methylated in 4–8
cell embryos, morulae and blastocysts (yellow line).
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compared to their in vivo-derived counterparts. It is
thus essential to be able to distinguish between the
reprogramming effects of in vitro embryo production
and those induced by nuclear transfer.
Consequences of Inefficient Reprogramming
Although three groups have come up with three dif-
ferent ways in which DNA methylation is erroneously
reprogrammed in cloned bovine embryos, at least
they all agree that this one aspect of epigenetic repro-
gramming does not occur properly in embryos derived
from nuclear transfer. So what is the evidence that
embryonic gene expression patterns are not properly
re-established in cloned embryos? Two groups have
addressed this issue in cloned mice and bovine
embryos. Looking at a subset of bovine growth factor
genes, Daniels et al. [16,17] found evidence that the
gene expression profiles of donor cells can affect
expression profiles in blastocysts cloned from those
cells. This is exactly what would be expected if epige-
netic reprogramming in cloned embryos is incomplete.
Similarly, Eggan et al. [18] demonstrated incomplete
reprogramming of the inactive X chromosome in the
extraembryonic tissues of cloned murine embryos.
Humpherys et al. [19] found that variations in the
expression profiles of imprinted genes in murine
embryonic stem (ES) cells could be recapitulated in
liveborn mice derived by nuclear transfer of a given ES
cell line. Furthermore, dysregulation of specific
imprinted loci was correlated to aberrant DNA methy-
lation patterns at those same loci.
What is currently lacking from this story is direct
evidence that aberrant DNA methylation patterns
actually cause aberrant gene transcription patterns in
cloned embryos. We have evidence for aberrant DNA
methylation in cleavage stage cloned embryos, and
we have evidence for aberrant gene expression pro-
files in cloned bovine embryos and in cloned mice. Yet
it remains to be demonstrated whether the two obser-
vations are linked mechanistically. One thing that can
be concluded from these studies is that proper epige-
netic reprogramming of a somatic nucleus is not easily
achieved. The discovery of aberrant DNA methylation
patterns in cloned bovine embryos may be an impor-
tant first step towards increasing the efficiency of
what will certainly prove to be a very valuable and
important procedure. But the differences in early
methylation patterns between mice and cows pro-
vides strong evidence that what holds true for one
mammal is not necessarily the case for all, and is a
further reason why attempting to clone a human is
simply out of the question.
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